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A. Glass Formation and Physical Properties of Alloys 
 
 The ternary Pt80-xCuxP20 bulk glass forming alloys used in the present work were 
developed as part of a project to create processable Pt-based bulk metallic glasses free of 
Ni. The alloys are described along with related quaternary and quinary alloys containing 
small additions of B, Ag, and Au in recently issued U.S. Patent [1]. Amorphous rods were 
prepared by melting the alloyed components at 900 ˚C or above in thin walled quartz tubes 
(1 mm wall thickness) and quenching into water at ambient T. Fig. S1 shows DSC scans 
carried out with a Netzsch 404 F3 calorimeter on as-cast rods. Scans are from room 
temperature through alloy melting at a relatively high heating rate of 20 K/min. As seen in 
the figure, the onset glass transition temperature Tg » 503-505 K is nearly independent of 
Cu content. The glassy samples exhibit a significant undercooled liquid region, Tx-Tg, 
where Tx is the onset of crystallization. The melting endotherms are relatively sharp with 
solidus/liquidus temperatures, TS and TL , separated by a temperature interval that is 
minimum near the composition x=23. The alloy glass forming ability, as measured by the 
maximum rod diameter that can be cast in a fully glassy state, increases dramatically with 
Cu content as shown in Fig.S2. When small amounts (~1 at. %) of B, Ag, or Au are added, 
the glass forming ability at higher Cu content rises sharply to ~5 cm as shown for the case 
of B. The reader is referred to ref. 1 for additional details. 
The glassy alloys are rheologically fragile. Viscosity was measured using beam 
bending [2] in a Perkin-Elmer TMA for the x=23 and x=20 compositions as shown in 
Fig.S3. For x=20 the Newtonian viscosity was difficult to measure more than ~10 K above 
Tg as non-Newtonian shear thinning was observed at the lowest strain rates accessible in 
the Perkin-Elmer TMA instrument. As such, only data for viscosity above 1010 Pa-s are 
shown for the x=20 case. Fitting log(h) vs. Tg/T to a simple exponential form and defining 
the rheological Tg by  h(Tg) = 1012 Pa-s, one obtains the fits to the viscosity data shown in 
the figure. The rheological Tg is found to be 500.4 K and 501.7 K respectively for the x 
=23 and x=20 glasses. The fits were used to determine the apparent rheological Angell 
Fragility parameter “m” [3] as indicated in the figure. For x = 23, the viscosity data were 
combined with an ultrasonically measured shear modulus  G  for the x=23 glass to estimate 
the Maxwell configurational relaxation times, ta = h(T)/G, in the liquid above Tg. The 
ultrasonic pulse echo method was applied on 3 mm diameter glassy rods at ambient 
www.pnas.org/cgi/doi/10.1073/pnas.1916371117
  
temperature using a 25 MHz transducer to determine the longitudinal and shear sound 
velocities. The sample mass density at ambient T was measured using the Archimedes 
method. For x =23,  one obtains r = 15.22 g/cc. This yields a shear modulus of G = 30.7 
GPa for the cast glassy rod. Following annealing at 230 C for 15 hours, the ambient T shear 
modulus increases to G = 32.5 GPa due to relaxation of the as-cast glass during the 
annealing. The latter value was used to estimate the Maxwell relaxation times shown in 
Fig.1c of the main text.  
 
 
 
 
Fig.S1 Standard DSC scans 
of Pt80-xCuxP20 alloys taken at 
a commonly used scan rate of 
20 K/min. Vertical lines (left) 
indicate the onset of the 
calorimetric glass transition, 
Tg, and (right) the onset of 
melting at 543 ˚C (solidus 
temperature). Arrows (left 
and right) indicate the onset 
of crystallization, TX,  and the 
completion of the melting 
transition (liquidus 
temperature) The width of the 
melting transition is 
minimum for the Cu23 alloy. 
As such, we designate this as 
the eutectic composition. The 
onset temperature of the glass 
transition increases very 
slightly with increasing Cu 
content.  
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Fig.S2. Glass forming ability versus Cu content for the series of Pt80-xCuxP20 alloys studied 
in this report. The glass forming ability is defined by the maximum diameter, dC,  of a fully 
glassy rod that can be produced by melting the alloy at ~900 ˚C is a sealed silica tube of 
wall thickness 1mm and then quenching into water at room temperature. The reader is 
referred to reference 1 for a detailed summary of the glass forming ability of the ternary 
alloys along with quaternary alloys formed by adding 1-2 at.% of Ag or B to the ternary 
alloys. Such additions are observed to increase the glass forming ability to as high as dC ~ 
6 cm,  
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Fig.S3. Viscosity data obtained from beam bending using a Perkin-Elmer TMA for Cu23 
(blue) and Cu20 (red) samples. For the Cu20 sample, the viscosity was observed to be non-
Newtonian at the smallest loading force available in the TMA. Data below 1010 Pa-s could 
not be obtained due to apparent strain-rate induced crystallization. The fragility, m, for the 
Cu20 sample should be considered as a lower bound.  
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B. Equivalence of eqn.(1) and eqn.(2) of the main text 
 
 
In the main text eqn.(2) is derived from eqn.(1). Below is an outline of the steps: 
Starting with the normalized equation 1, 																 ℎ#(%)ℎ#(∞) = )1 − ,-.% /01																																																																																												(1) 
the configurational enthalpy can be rearranged ℎ#(%) = ℎ#(∞) )1 − ,-.% /01			 
Ignoring any pressure dependence of hC(¥) and qh at ambient pressure (essentially ignoring the Pv 
term in the free energy), the specific configurational heat capacity becomes 2# = 34(%)3% = 35(%)3% = 3ℎ#(%)3% = 33% 6−ℎ#(∞)-.0%0 7	 
 = +9ℎ#(∞)-.0%0:;  
For the entropy, referenced to the high temperature limit,  <# = −= >2#% ?@A B% = −= 6ℎ#(∞)-.0%0:C 7 B%@A  <# = <#,@ − 9ℎE(∞)-.09 + 1 1%0:; 
 
From eqn.(1) in the main text,  ℎ#(∞) − ℎ#(%)ℎ#(∞) = ,-.% /0			 
or 6ℎ#(∞) − ℎ#(%)ℎ#(∞) 7;0 = ,-.% / 
 
So  ,-.% /0:; = 6ℎ#(∞) − ℎ#(%)ℎ#(∞) 7;0 6ℎ#(∞) − ℎ#(%)ℎ#(∞) 7 = 6ℎ#(∞) − ℎ#(%)ℎ#(∞) 70:;0  
 
where  <# = <#,@ − 9ℎ#(∞)-.(9 + 1) 6ℎ#(∞) − ℎ#(%)ℎ#(∞) 70:;0 = <#,@ − F6ℎ#(∞) − ℎ#(%)ℎ#(∞) 70:;0  
 
With eqn,(2) in the main text written in terms of the configurational potential energies G and GH: 
these are equivalent to hC(T) and hC(¥). It follows that eqn.(1) is equivalent to 											<#(G) ∝ 	<#(GH) − F(GH − G)JKLJ                                               (2) 
  
C. Undercooling DSC  experiments on Cu20 and Cu23 glasses. 
 
Liquid undercooling measurements of the heat of crystallization were performed on 
each of the alloy compositions [4]. For both x=20 and x=23, it was possible to achieve deep 
undercooling of the liquid below the eutectic temperature TE following cyclic overheating 
to 900 ˚C and cooling down to 200 ˚C For samples with Cu content x < 20, only shallow 
undercooling (< 80 K) were achieved. The experiments were performed in the same 
Netzsch 404c F3 DSC using silica crucibles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.S4 Examples of DSC undercooling scans taken at a cooling/reheating rate of 10 
K/min for Cu20 and Cu23 samples: (a-upper left) raw data for 40 undercooling cycles 
of Cu20; (b-upper right) heat of crystallization, hLX(T),  normalized to heat of fusion 
(69.5 J/g) of Cu20 versus temperature for undercooling measurements showing that 
hLX(T) is nearly constant down to an undercooling of ~145  K. Inset shows an expanded 
view of the data indicating a change of only ~2% over this range. (c,lower) DSC 
cooling scans for 40 undercooling cycles for the eutectic Pt57Cu23P20 alloy. Up to 
roughly cycle 15, only limited undercooling is achieved and the recalescence exhibits 
a small shoulder at ~480 ˚C. Later cycles display much deeper undercooling (to ~365 
˚C) and a single sharp recalescence event. Figures were taken from ref.[4]. 
  
Samples of size 60-80 mg were cyclically heated and cooled at 10 K/m between the upper 
temperature (900 ˚C) and lower temperature (200 ˚C). Crystallization is indicated by the 
single sharp recalescence event which occurs during all of 40 undercooling/overheating 
cyclic scans carried out for each individual sample. With increasing cycle number, the 
undercooling achieved increases progressively as seen in Fig. S4a below for the x=20 
sample. The total heat release on crystallization was measured during each cycle. Fig.S4b 
shows a plot of this measured heat release as a function of the peak temperature for the 
exothermic crystallization peak. The inset shows a magnified view of the data. Over the 
range of undercooling (from TE = 815 K down to 670 K), the heat of crystallization is nearly 
constant decreases from the alloy heat of fusion (69.5 J/g) by only ~2% at the deepest 
undercooling. Fig. S4c shows the corresponding undercooling data for an x =23 at. % Cu 
sample. The undercooling up to roughly cycle 15 is clustered between 440 ˚C to about 480 
˚C (undercooling of only 60-80 K below the eutectic). For x = 23, the undercooling 
achieved significantly increases to about 180 ˚C during subsequent cycles. These 
undercooling hLX data obtained were included in Fig.2a of the main text.  
 
D. High resolution SEM and chemical mapping  
 
High resolution SEM and chemical mapping results were carried out at ETH-Zurich 
using the LAMP facility by Prof. Joerg Loeffler. The glassy Pt57Cu23P20 eutectic alloy is 
featureless and chemically uniform down to length scales of several nm’s as seen in Fig. 
S5 below. 
Fig.S5. High resolution SEM chemical mapping using EDS showing featureless 
microstructure and uniform distribution of chemical elements (left) in an as-cast 
Pt57Cu23P20 sample down to length scales of ~10 nm. Color maps on the right show 
distribution of the 3 components (Pt-red, Cu-green, and P-blue) and dark field 
microstructure image (gray).  Figure courtesy of Prof. Jorg Loeffler, ETH Zurich, 
Switzerland. 
  
 
E. X-ray diffraction scans of Cu16 glass versus thermal history 
 
Fig.S6 shows a sequence of x-ray diffraction scans taken during and following pre-
annealing at 230 ˚C of the Pt64Cu16P20 followed by isothermal crystallization at 245 ˚C. 
The sample was subsequently heated in steps  to 350 ˚C, 390 ˚C, and 480 ˚C and then 
cooled following each step to room temperature to obtain the diffraction scans. On heating 
to 350 ˚C, the scan indicates that an order-disorder transition occurs for the Pt-Cu-rich fcc 
phase to an ordered Pt7Cu. 
Fig.S6. Sequence of x-ray diffraction curves for Pt64Cu16P20 glass in its initial 
glassy condition and following crystallization and exothermic heat release during 
an isothermal crystallization at 245 ˚C (scans #1 and #2). Upon subsequent heating 
to 350 ˚C and 390 ˚C, the intensity of several diffraction peaks changes (e.g. peak 
at 2q ~ 44 deg. disappears) as observed from scans #2 through scan #3. This is 
attributed to chemical order/disorder transition for the Pt7Cu-phase [5].  From the 
data,  one also identifies the monoclinic Pt5P2 -type phase containing Cu in solution 
on the Pt-sites. [6]. Heating to 480 ˚C results in sharpening of diffraction peaks 
(scan #5) suggesting that significant grain growth of the crystalline phases occurs.   
 
 
 
 
 
  
F. Assessment of heating rate shift and broadening of Sn melting in Netzsch 404 F3.  
 
Fig. S7 shows the constant heating rate scans of the melting transition of pure Sn that 
were used to assess the melting peak broadening and peak shift corrections associated 
with instrumental broadening in the Netzsch 404 calorimeter. The data were used to 
correct crystallization peak temperatures for constant heating rate broadening.  
 
 
 
Fig.S7  Determination of the instrumental broadening correction using the melting 
transition of pure Sn versus heating rate for the Netzsch 404 F3 DSC to assess the 
transient instrumental broadening effect on a first order phase transition: (left) raw 
data for the melting of Sn taken as a function of the constant heating rate. Apparent 
onset and completion temperatures are indicated along with the peak temperature 
for the melting transition; (right) melting peak temperature of pure Sn vs. heating 
rate, (filled black circles) and empirical fit (solid black curve) used to correct 
constant heating rate data in Table S1. This correction was specifically used for the 
Cu14 and Cu16 crystallization peak temperature in Fig.4 of the main text.  
 
G. Rapid Discharge Heating measurement of hLX and infrared video of coupled eutectic 
growth speed 
 
A capacitive discharge heating system described in ref.[7] was used to uniformly and 
rapidly heat glassy rods of diameter 4 mm and length 2.5 cm of the Pt57Cu23P20 and 
Pt60Cu20P20 alloys. The rods are clamped at the ends using a Cu electrode to deliver a 
current pulse over ~ 3 ms that heats the rod with a fixed energy input [7]. An IMPAC high 
speed pyrometer with response time of 5 µs was used to measure temperature over a ~0.75 
mm spot at the rod center. The rod temperature at the centerline versus time is shown in 
Fig.S8(a). The rod initially heats to ~350 ˚C in about 3 ms, then configurational relaxation 
results in heat absorption and temperature decay to about 312 ˚C at about 0.2 s elapsed 
time. Heat absorption, in contrast to heat release, arises since the initial as-cast glass is in 
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a lower potential energy or configurational enthalpy state than an equilibrium liquid at 312 
C. As such, the rapidly heated liquid must absorb heat to reach equilibrium at 312 C. At 
0.6 s, a sharp recalescence is observed accompanied by a temperature rise of roughly 200 
˚C. To further elucidate the crystallization event, a high speed FLIR SC4000 infrared 
camera was used to simultaneously image the event. Crystal nucleation initiates at about 
0.6 s at a well-defined point on the rod seen in a sequence of frames from the infrared 
movie shown in Fig.S8(b) . The frames are separated by ~0.125 s time intervals and show 
a eutectic growth front that propagates across the sample at a speed of  ~1.5 cm/s. The total 
heat of crystallization of the sample is released in less than 1 sec. Ignoring environmental 
heat loss by assuming adiabatic conditions, one may estimate heat of crystallization by 
noting that the final state is a crystal at ~515 ˚C. Using an estimated heat capacity of 33 
J/mole-K for the crystallized sample over the recalescence temperature range [8], and 
average atomic weight of the Pt57Cu23P20 glass, on obtains hLX(312 ˚C) ~ 6500 = 50.8 J/g. 
Two such independent data points for the Pt57Cu23P20 glass are included in Fig.2b of the 
main text. The error bars are large (~10%) owing to uncertainties in the estimate. 
 
 
Fig.S8 (a,left) Rapid discharge heating time-temperature curve taken using high 
speed infrared pyrometer (IMPAC pyrometer) following rapid heating at a heating 
rate of ~105 K/s. Crystallization occurs at about 0.6 s elapsed time as evidenced by 
recalescence and a rise of temperature to about 515 ˚ C. The temperature rise is used 
to provide a lower bound estimate of the heat of crystallization at 312 ˚C (see 
discussion). (b,right) Frames from a high-speed infrared movie (see text) showing 
the propagation of the coupled eutectic crystallization front across a section of the 
4 mm diameter rod (section length ~ 2  cm). Color scale is arbitrary. The 
crystallization front advances at an average speed of ~ 1.5 cm/s. The movie was 
taken using a 256,000 pixel FLIR SCR-4000 infrared camera.  
  
 
 
 
 
 
Table S1. Summary of heats of crystallization obtained for various Pt80-xCuxP20 alloys 
under both isothermal DSC scanning conditions and constant heating rate conditions. 
Isothermal scans were done at various temperatures following a sample pre-anneal at Tg 
as described in the main text.. The table gives scan type, heating rate (isothermal vs. 
constant heating), the pre-anneal duration, the elapsed time tpeak to the crystallization 
peak (during isothermal scans), the crystallization peak temperature (in the case of 
constant heating rate scans). The primary exothermic heat release on crystallization is 
listed along with any further heat release observed during subsequent heating to the 
melting point. For the Cu14 and Cu16 samples, the peak temperature in the constant 
heating rate scans was corrected for the transient response of the calorimeter using the 
peak shift observed for the melting of pure Sn (see Fig.S7 and discussion in the main 
text). The reader is referred to the main text for details of the experimental protocol.  
 
 
 
Alloy/ 
Pre-anneal 
time@ 228C 
 
 
Scan Type 
Tpeak (oC) 
(heating rate 
corrected) 
tpeak (sec) 
hLX(T) 
(J/g) 
(primary 
peak) 
Additional 
heat 
release (at 
Tp2) 
 
Pt53Cu27P20 
    
 
Tp2 ~ 430 
oC 
 
15 hrs. 
 
Isothermal 247.0 174,700 33.0 -- 
15 hrs Continuous 0.1K/min 255.8 N/A 36.4 -- 
15 hrs Continuous 0.3K/min 261.8 N/A 38.0 -- 
15 hrs Continuous 0.5K/min 264.2 N/A 39.3 -- 
15 hrs Continuous 1K/min 268.0 N/A 39.2 -- 
15 hrs Continuous 2K/min 270.4 N/A 42.7 -- 
  
15hrs Continuous 2.5K/min 273.5 N/A 42.4 5.1 
15 hrs Continuous 
3.5K/min 
275.5 N/A 43.7 5.6 
15 hrs Continuous 5K/min 277.4 N/A 46.4 6.2 
15 hrs Continuous 7K/min 280.0 N/A 48.7 -- 
 
 
 
Pt57Cu23P20 
 
    TP2 ~ 340 oC 
15 hrs 
 Isothermal 238.6 160620 20.5 4.8 
15 hrs 
 isothermal 242.3 60000 22.1 4.8 
15 hrs 
 isothermal 242.5 56000 24.1 4.5 
15 hrs 
 isothermal 246.6 27180 31.2 4.5 
15 hrs 
 Isothermal 251.0 12900 27.8 4.8 
15 hrs 
 isothermal 252.5 9900 34.3 4.0 
15 hrs 
 isothermal 256.0 4450 N/A* 0 
15 hrs 
 isothermal 260 1850 N/A* 0 
15 hrs 
 RDH** 320 0.6 52 ± 5
# N/A 
15 hrs Continuous 0.2K/min 
262.8 
-0.3 = 262.5 N/A 38.7 0 
15 hrs Continuous 1K/min 
272.4 
-0.8 =271.6 N/A 41.3 0 
15 hrs Continuous 2 K/min 
275.0 
-1.5 = 273.5 N/A 44.9 0 
15 hrs 
Continuous 
3K/min 
276.6 
-1.3 = 276.4 N/A 44.6 0 
  
15 hrs Continuous 5K/min 
278.8 
-3.5 = 275,3 N/A 46.4 0 
15hrs Continuous 
10K/min 
282.2 
-6.5 = 275.7 
N/A 49.0 0 
 
 
Pt60Cu20P20 
 
    Tp2 ~ 325 oC 
15 hrs 
 isothermal 243.0 49500 23.6 12.7 
15 hrs 
 isothermal 246.0 25800 24.8 13.4 
15 hrs 
 isothermal 250.1 11400 27.3 11.4 
 
15 hrs 
 
isothermal 252.1 7080 28.3 10.8 
15 hrs 
 isothermal 254.0 4680 29.3 11.2 
15 hrs Continuous 0.2K/min 261.2 N/A 30.6 12.6 
15 hrs Continuous 0.5K/min 265.9 N/A 33.2 12.7 
15 hrs Continuous 1K/min 
269.6 
-0.8 = 268.8 N/A 34.6 12.1 
15 hrs Continuous 2K/min 
274.1 
-1.5 =272.6 N/A 50.2 0 
15 hrs Continuous 5K/min 
281.1 
-3.5 = 277.6 N/A 51.5 0 
15 hrs Continuous 10K/min 
288.0 
-6.5 = 281.5 N/A 54.8 0 
 
 
Pt62Cu18P20     Tp2 ~ 340 oC 
15 hrs 
 isothermal 244.8 33600 21.0 6.3 
15 hrs 
 isothermal 246.1 25800 20.6 6.6 
  
15 hrs 
 isothermal 250.2 11580 24.3 6.4 
15 hrs 
 
isothermal 251.0 9000 26.3 6.7 
15 hrs Continuous 0.2K/min 260.5 N/A 31.6 5.0 
15 hrs Continuous 0.5K/min 268.0 N/A 33.9 5.5 
15 hrs Continuous 2K/min 
276.0 
-1.5 = 274.5 N/A 40.9 0 
15 hrs Continuous 5K/min 
282.3 
-3.5 = 278.8 N/A 48.7 0 
15 hrs Continuous 10K/min 
285.8 
-6.5 = 279.3 N/A 52.4 0 
 
 
Pt64Cu16P20     Tp2 ~ 350 oC 
3 hrs 
 isothermal 239.3 30000 21.0 8.0 
3 hrs 
 isothermal 242.8 18600 21.4 7.5 
3 hrs 
 isothermal 244.0 15600 21.0 8.2 
3 hrs 
 isothermal 245.4 11700 23.1 7.6 
3 hrs 
 isothermal 248.7 6300 25.0 7.1 
3 hrs Continuous 0.5K/min 
262.5 
-0.5 = 262.0 N/A 33.7 5.7 
3 hrs Continuous 1.5K/min 
267.6 
-1.0 = 266.6 N/A 36.9 5.8 
3 hrs Continuous 3K/min 
271.8 
-2.4 = 269.4 N/A 40.9 5.7 
3 hrs Continuous 5K/min 
277.0 
-3.5 = 274.5 N/A 44.6 6.1 
3 hrs Continuous 10K/min 
281.1 
-6.5 = 274.6 N/A 53.4 2.3 
3 hrs Continuous 15K/min 
284.2 
-9.2 = 275.0 N/A 58.3 0.0 
  
 
 
*DSC control loop not equilibrated 
# estimated from recalescence temperature rise 
** estimated from Rapid Discharge Heating experiment as described in text 
 
 
 
 
  
3 hrs Continuous 20K/min 
286.2 
-11.5 = 274.7 N/A 64.4 0.0 
 
 
Pt66Cu14P20     Tp2 ~ 350 oC 
3 hrs 
 Isothermal 232.5 33000 19.9 12.7 
3 hrs 
 isothermal   235.6 16200 21.0 11.0 
3 hrs 
 Isothermal 237.5 9900 21.5 10.6 
3 hrs 
 Isothermal 239.0 7200 21.2 12.5 
3 hrs 
 Isothermal 243.0 3000 25.0 9.6 
3 hrs 
 isothermal 248 1020 25.3 10.9 
3 hrs Continuous 5 K/min 
262 
-3.5 = 258.5 N/A 45.2 0 
3 hrs Continuous 10 K/min 
265 
-6.4 = 258.6 N/A 53.5 0 
3 hrs Continuous 15 K/min 
268.9 
-9.2 = 259.7 N/A 59.0 0 
3 hrs Continuous 20 K/min 
270.7 
-11.5 = 259.2 N/A 60.8 0 
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